Introduction
Lung cancer accounts for the highest number of cancer-related deaths worldwide. 1, 2 Surgery, radiotherapy, and chemotherapy have improved survival for patients with localized lung cancer. However, treatment challenges remain for patients with advanced or refractory lung cancer. 2, 3 In the past few decades, the key role of the immune system in the development and progression of cancer has led to significant advancements in immunotherapy. Solid tumors have mechanisms for inhibiting the antitumor immune response, which include the release of inhibitory cytokines, the recruitment of immunosuppressive immune cells, and the upregulation of co-inhibitory receptors or immune checkpoints. These suppressive mechanisms contribute to cancer progression and immunotherapy failure as well. In the last 10 years, research has focused on the use of immune checkpoint inhibitors (ICIs) as an important introduction for cancer treatment. [3] [4] [5] [6] [7] Currently, target checkpoints inhibited by monoclonal antibodies are cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4), anti-programmed cell death-1 (PD-1) receptor, and its main ligand (CD274 or PD-L1). CTLA-4 and PD-1/PD-L1 inhibitors have been approved by the US Food and Drug Administration (FDA) for the treatment of non-small-cell lung cancer (NSCLC). 3, 8, 9 Nevertheless, there is a need to improve treatment outcomes and combination therapy may be a promising strategy in this endeavor for lung cancer. [10] [11] [12] The hallmark mechanisms of cancer immunotherapy include immunogenic cell death, antigen release, and presentation, priming of T-cell responses, enhancement of T-cell activity, infiltration into tumor tissues, and depletion of compensatory immunosuppression. 13 Preclinical studies show that the blockade of single negative costimulatory pathways often leads to enhanced effector T-cell (Teff) infiltration of tumors, but these T cells accumulate high levels of unblocked negative co-receptors that eventually limit their expansion. Combination blockade of the CTLA-4 and PD-1/PD-L1 pathways cooperates to increase the ratio of Teffs to regulatory T cells (Tregs) and MDSCs, thereby reducing immunosuppression and promoting inflammation in the tumor microenvironment (TME).
14 Recent research has focused on improving the efficacy of currently available ICIs, and combining anti-CTLA-4 and anti-PD-1/PD-L1 inhibitors might be one such improvement strategy. 8, 10 The therapeutic potential of combinatorial approaches is highlighted by the recent US FDA approval of nivolumab plus ipilimumab for patients with advanced melanoma.
14 Preclinical studies suggest that CTLA-4 and PD-1/PD-L1 pathway blockade has synergistic anticancer effects in various cancer cell lines. 5, [15] [16] [17] [18] In early clinical trials, combination strategies offered anticancer effects with durable responses and manageable safety profiles for lung cancer. [19] [20] [21] To confirm and extend those results, large clinical trials have been undertaken to examine the safety and efficacy of dual ICIs.
Chemotherapy leads to tumor cell death and release of antigens to initiate the activation of T cells, which may then migrate into tumor tissues. 13 This anticancer immune response may help eliminate residual cancer cells that are survived in chemotherapy. In addition, preclinical researches have demonstrated that conventional cancer therapies (chemotherapy and radiotherapy) modulate the immune response against tumors and can induce the expression of PD-L1 in tumor cells. [22] [23] [24] Based on these observations, several early clinical trials were designed to assess the combination of chemotherapy and ICI for patients with lung cancer. 13, 25 Early clinical data for the combination therapy of ICI and chemotherapy suggest that these regimens have manageable toxicity and promising antitumor activity for lung cancer. In the international, multicohort, Phase I/II KEYNOTE-021 study (ClinicalTrials.gov number NCT02039674), 17 of the 24 patients achieved an overall response and a median progression-free survival (PFS) of 10.2 months with pembrolizumab, carboplatin, and pemetrexed combination therapy. On May 10, 2017, the US FDA granted accelerated approval for pembrolizumab in combination with pemetrexed and carboplatin for the treatment of patients with previously untreated metastatic nonsquamous NSCLC. Similar to pembrolizumab, nivolumab was combined with platinum-based chemotherapy in the Phase I CheckMate 012 trial. The results suggested that nivolumab might improve outcomes and extend the survival of patients with advanced NSCLC in the first-line setting in combination with chemotherapy. 13 However, the favorable results from Phase I and II trials that were the basis of the Phase III clinical trials often produced inconsistent results. [26] [27] [28] Moreover, because these drugs modulate the immune response, immune-related adverse events (AEs) were reported. The fact that the efficacy of these drugs is synergistic suggests that their toxicity might be multiplied as well. 29 Up to now, only one meta-analysis with a small number of patients has been reported, which focused on the combination immunotherapy in lung cancer. Due to a limited number of studies and the lack of long-term outcomes, further study of updated information is required. [30] [31] [32] [33] [34] [35] [36] Following the completion of several large Phase III clinical trials (KEYNOTE-407, IMpower131, Checkmate227, and IMpower150), the role of combination ICI therapy in lung cancer should be clarified. 32, 34, [37] [38] [39] Therefore, our meta-analysis aims to provide more reliable and up-to-date evidence on the efficacy and safety of combination ICI therapy for lung cancer.
Therefore, the purpose of this meta-analysis was to address the following PICOS question: in patients with lung cancer (population), is there any difference of efficacy and safety (outcome) between combination ICI therapy (intervention), traditional therapy, or monotherapy (comparison)?
Methods
We conducted this meta-analysis on the basis of the PRISMA statement. All analyses were conducted based on previously published studies; thus, no ethical approval and patient consent are required. 
Search strategy
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The efficacy and safety of immune checkpoint inhibitor combination therapy in lung cancer All relevant articles underwent evaluation for eligibility by two investigators (Min Peng and Xing Li) independently. The selection criteria were defined according to the PICOS framework. This meta-analysis includes as follows: 1) population: participants with histologically confirmed lung cancer; 2) intervention: dual ICIs or ICI plus chemotherapy; 3) comparison: ICI alone or chemotherapy; 4) outcomes: endpoints included at least one of the following: ORR, PFS, OS, and AEs (adverse effects) of grade $3; and 5) study design: RCTs.
Data extraction and quality assessment
Literature screening and data extraction were carried out by two independent reviewers (Yi Ming Weng and Min Peng). Discrepancy was resolved by discussion between the two of us. If the two authors could not reach a consensus, another author (Yi Yao) made the decision. The data included first author, publication year, the intervention of experimental treatment and control groups, numbers of enrolled patients in each trial, ORR, major AEs (grade $3), HR and 95% CI for PFS (defined as the time from randomization to the first documented disease progression or death), and OS (defined as the time from randomization to death). We tried to obtain additional unpublished data by contacting the primary authors. However, no additional information had been retrieved by us up to now. We assessed the quality of involved randomized controlled clinical trials according to the Cochrane Handbook for Systematic Reviews of Interventions (Version 5.1.0), including sequence generation, allocation concealment, performance bias, detection bias, attrition bias, reporting bias, and other bias. Trial with high risk of bias for any one or more key domains was considered as at "high risk". Trial with low risk of bias for all key domains was considered as at "low risk". Otherwise, it was considered as "unclear".
Data analyses
Statistical analyses were performed using the RevMan, Version 5.1, and STATA 12.0 software. Stratification analyses were conducted for the following groups: ICI combined chemotherapy vs monotherapy and dual ICIs vs monotherapy. Heterogeneity across studies was assessed using the Q-test and I 2 statistics. Heterogeneity was considered statistically significant when P,0.05 or I 2 .50%. A fixed-effect model was used when there is no evidence of significant heterogeneity. Otherwise, a random-effect model was applied. Subgroup analysis was conducted to explore the possible sources of heterogeneity. Pooled HR for survival outcomes (PFS and OS) and pooled RR for dichotomous data (ORR, severe AEs) with 95% CI were calculated by the proper algorithm. P,0.05 was regarded as statistically significant, and all P-values were two sided.
Results
Study characteristics and risk of bias
Studies were identified as indicated in Figure 1 . Characteristics of included trials are listed in Table 1 . Overall, 12 RCTs with 3,280 patients in the experimental group and 2,709 controls were included in this meta-analysis. [26] [27] [28] [31] [32] [33] [34] [35] [36] [37] [38] [39] Five ICIs (pembrolizumab, ipilimumab, nivolumab, atezolizumab, and durvalumab) were studied. All RCTs were conducted for lung cancer. Nine trials enrolled NSCLC patients, and three trials enrolled SCLC patients. Ten trials used ICI with chemotherapy, and two trials used dual ICI. Five trials investigated PD-1 inhibitors, three trials specifically studied PD-L1 inhibitors, and six trials examined CTLA-4 inhibitors. Response was assessed using response evaluation criteria in solid tumors (RECIST) or WHO criteria for all 12 studies. Of the 12 studies in this meta-analysis, 10 were classified as low-risk of bias existed for all key domains, while two trials were deemed high-risk of bias due to their open-label design.
Overall response rate (ORR)
Twelve studies with 3,280 patients in the experimental arm and 2,709 cases in the control arm met the inclusion criteria and were finally included for ORR analysis. The funnel plots did not demonstrated obvious asymmetry for ORR. The heterogeneity between studies was significant (P,0.00001, I 2 =86%). The pooled RR for ORR was performed using a random-effect model. This meta-analysis showed a significant improvement of ORR in combination ICI therapy (RR =1. 44 Figure 3C ). A sensitivity analysis was conducted to further explore the source of heterogeneity. The study conducted by Gandhi et al 34 showed results that were out of range as compared to the other studies, which likely contributed to the heterogeneity. After excluding this study, heterogeneity was also significant among the remaining studies (P,0.00001, I 2 =79%) and the result demonstrated that ICI combined therapy had a significant improvement for ORR (RR =1.34 [95% CI 1.14, 1.58], P=0.0005).
PFS
PFS data were available in 11 trials. The funnel plots did not demonstrate obvious asymmetry for PFS, and the heterogeneity 
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The efficacy and safety of immune checkpoint inhibitor combination therapy in lung cancer between studies was significant (P,0.00001, I 2 =77%). The pooled HR for PFS was performed using random-effect model. A statistically significant improvement in PFS (HR =0.67 [95% CI 0.59, 0.77], P,0.00001) was observed in patients receiving combination ICI therapy ( Figure 2B) 
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The efficacy and safety of immune checkpoint inhibitor combination therapy in lung cancer 2 =0%) ( Figure 5A ). In subgroup analysis, based on the combination type, significant improvements in OS were seen in ICI combined with chemotherapy (HR =0.81 [95% CI 0.70, 0.95], P=0.008) ( Figure 5B ). Subgroup analysis based on the ICI type showed that only PD-1 inhibitors had significant improvements in OS and no heterogeneity was detected (HR =0.58 [95% CI 0. 48 Figure 5C ). The sensitivity analysis was conducted by excluding each study in a step-wise manner, and the data again suggested that results from Gandhi et al 34 likely contributed to the heterogeneity. After excluding this study, heterogeneity was insignificant among the remaining studies (P=0. 32 
PD-L1
Discussion
ICIs, which target regulatory pathways in T cells to enhance antitumor immune response, have offered significant clinical benefits against cancer. 4, 7 Nevertheless, some gene and environment factors of tumors play a critical role in the suppressive immune function, compromising the efficacy of immunotherapy. [40] [41] [42] [43] [44] [45] Combination therapy with ICI and nanoparticle drug formulations give cancer patients more options for disease control and perhaps a cure. 3, 24, 46 Even so, whether combination therapy with ICI is beneficial for lung cancer, and which patient subgroups may benefit from this strategy, remains unclear. Long-term outcomes and large clinical trials have been lacking in previous meta-analysis, which demonstrated that ICI combination therapy had no improvement in OS in lung cancer. 30 Outcomes of trials for lung cancer using combination ICI therapy have only been published recently, and the clinical value of combination ICI therapy is still controversial. The objective of our meta-analysis was to integrate all data from relevant trials to address this controversy.
Main findings
Our meta-analysis of currently available data provided reliable evidence that combination ICI therapy was associated with significantly higher ORR, PFS, and OS than traditional therapy or monotherapy in lung cancer. However, combination strategies with ICI were related with more treatmentrelated grade $3 AEs, fatigue, and increased transaminases. Nonetheless, combination ICI therapy was a promising treatment for lung cancer.
The classification of lung cancer is based on histological characteristics, and it is mainly divided into the following two subtypes: NSCLC, accounting for 85% of lung cancer cases, and small-cell lung cancer (SCLC). 1 The clinical and biological characteristics of the two pathological types are different. In subgroup analysis, based on the tumor type, there was a significant difference of ORR, PFS, and OS between NSCLC and SCLC. Specifically, NSCLC patients 
7381
The efficacy and safety of immune checkpoint inhibitor combination therapy in lung cancer were associated with better ORR, PFS, and OS, while there was no significant improvement in ORR and OS in SCLC. This indicated that combination ICI therapy should be taken into account in clinical practice and future study designs for NSCLC patients.
The influence of CTLA-4 on T-cell activity primarily occurs in the priming phase of T-cell activation. PD-1/ PD-L1 mediates the induction of anergy and apoptosis of activated T cells and tumor resistance to the cytotoxic T-cell response. Chemotherapy regulates the composition and function of tumor-infiltrating lymphoid and myeloid cells. Thus, the effect of combination of ICI and chemotherapy was different from dual ICI. 9, 13, 14 Subgroup analysis based on combination type showed no obvious difference between ICI plus chemotherapy and dual ICI groups. Both treatment strategies had significant improvements in ORR and PFS. Besides, ICI combined with chemotherapy had significant improvements in OS. Combination treatments with PD-1/PD-L1 inhibitors plus chemotherapy or a CTLA-4 inhibitor are promising treatment options for lung cancer.
PD-1 and PD-L1 inhibitors are reported to be superior to docetaxel in the salvage setting for lung cancer, with improved survival outcomes. There has been speculation that because monoclonal antibodies against PD-L1 still allow the interaction of PD-1 with its other ligand, PD-L2, this could lead to less blockade of the negative inhibitory signal and result in reduced autoimmunity. The functions of PD-1 and CTLA-4 in inhibiting immune responses such as antitumor responses are different. In particular, comparison of PD-1 vs PD-L1 vs CTLA-4 inhibitors is of immense clinical interest. 14 In subgroup analysis based on ICI type, only PD-1 inhibitors had significant improvements in OS. There was also a tendency to improve OS in PD-L1 inhibitors. However, no statistically significant improvement in OS was observed for CTLA-4 inhibitors.
Compared with traditional therapy or monotherapy, the incidences of grade $3 AEs, fatigue, and increased transaminases from combination ICI therapy were higher. Subgroup analysis based on the ICI type showed that PD-1 inhibitors had an improved safety profile overall than PD-L1 and CTLA-4 inhibitors in combination therapy. There was no significant improvement in grade $3 AEs, fatigue, and increased transaminases in the PD-1 group.
Agreement/disagreement with previous meta-analyses
To the best of our knowledge, only one previous metaanalysis has investigated the efficacy of combination anti-PD-1/PD-L1 and anti-CTLA-4 antibodies or chemotherapy in lung cancer. 30 That previous meta-analysis included 1,514 patients, and most trials were Phase I/II nonrandomized studies with small sample sizes. Besides, most of the research involved was single-arm studies and no randomization or blinding was used. Nevertheless, that previous study found significant improvement in PFS but not in OS for lung cancer. 30 Herein, in the current meta-analysis, there were significant improvements in ORR, PFS, and OS in combination ICI therapy for lung cancer. Furthermore, our subgroup analyses based on the tumor type showed that combination ICI therapy significantly improved the OS of NSCLC patients, while no apparent benefit was seen for SCLC in OS. The failure of improvement in OS for SCLC might due to a limited number of studies and the short follow-up time in some trials. Previous meta-analysis summarized PD-1 and PD-L1 inhibitors, dual ICI, and ICI plus chemotherapy in one analysis, which might be the source of heterogeneity. In our subgroup analysis, there was a significant difference of efficacy and safety between PD-1, PD-L1, and CTLA-4 inhibitors.
In terms of the adverse effects, our results differed from those reported in the previous study. The previous metaanalysis focused on the safety of PD-1/PD-L1 inhibitors in lung cancer and showed that the toxicity and efficacy profiles of PD-1 and PD-L1 inhibitors appeared to be similar. [47] [48] [49] However, our study found that PD-1 inhibitors had an improved safety profile as compared to PD-L1 and CTLA-4 inhibitors in combination ICI therapy for lung cancer. The results provided useful information for clinicians for wellbalanced discussions on the risks and benefits of combination ICI therapy in lung cancer.
Limitations
Our meta-analysis has some limitations, such as a limited number of complete RCTs. For this emerging area of research, many studies assessing combination therapy with ICI are currently ongoing (IMpower 132, IMpower 131, NEPTUNE, and CheckMate 227). In addition, heterogeneity was significant in the analysis of ORR and PFS. However, we minimized heterogeneity influence by using the randomeffects model and performed exploratory subgroup analyses and sensitivity analyses. The different types, doses, frequencies of administration of ICI, and chemotherapy might be the source of heterogeneity. Besides, the inconformity between studies causes limited clinical guidance significance. Finally, two trials used an open-label design, which might result in biased outcomes. Further study of updated information is still required.
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Conclusion
Our meta-analysis found that combination ICI therapy showed significant benefits in ORR, PFS, and OS for NSCLC. Both combinations of ICI with chemotherapy and dual ICI were effective and relatively safe. PD-1 inhibitors were more effective and appeared safer than PD-L1 and CTLA-4 inhibitors in combination ICI therapy for lung cancer patients. Combination ICI therapy should be taken into account in clinical practice and future study designs for NSCLC patients. While our meta-analysis showed a tendency of improvement in survival for SCLC patients, the current data of our analyses do not appear to support a large-scale clinical application of combination ICI therapy in SCLC patients. Nonetheless, numerous RCTs assessing the efficacy and safety of combination therapy with ICI are currently ongoing, which might address these issues. Emerging evidence suggests that tumor-associated fibroblasts (CAF) can modulate the immunosuppression of TME through diverse mechanisms, thereby compromising the efficacy of immunotherapy. Many treatments for cancer, especially aiming at CAF, continue to evolve. Therefore, with regard to future clinical application, the combination of treating CAF with individualized therapy would be more promising. 43 
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